ON THE FOCAL LENGTH OF MICROSCOPIC OBJECTIVES, 


CONTRIBUTIONS FROM THE PHYSICAL LABORATORY OF THE 
MASSACHUSETTS INSTITUTE fe 


By Cuas. R. Cross: 


THE investigation of which the present article is a summary, was 
undertaken in order to see if some reliable method of measuring 
the focal length of microscope objectives could not be found. The 
importance of such a method will be apparent to all who have had 
occasion to make use of objectives by different makers. The focal 
length of lenses of the same denomination is subject to so great a 
variation that comparison of these by means of their assumed focal 
lengths too often gives no true idea of their relative excellence. 
For example, if two quarter-inch objectives be compared, and one 
gives results much superior to that given by the other, we cannot 
be at all sure that the better lens is not really of shorter focus than 
its designation would indicate. 

The question immediately arises, what is the focal length of a 
compound objective? The focal length of a simple lens, or of a 
system of lenses in actual contact, is the distance from the optical 
centre of that lens or system to its principal focus. But as a sys- 
tem of lenses not in contact, like the triplet objective, has no optical 
centre, the term is only a general appellation serving to group 
together objectives of approximately the same magnifying power. 
If every system of lenses possessed an optical centre, or could be 
replaced by a single lens, we might define the focal length of such 


* In a recent nuanber of this Journal (March, 1870, p. 208,) attention is called to 
the great need that is felt of a laboratory for physical research. In 1864, Presi- 
dent Rogers, in his plans of this Institute, proposed such a laboratory ; and, during 
the past year, we have fitted up rooms in which our regular students verify many 
of the lawsand measure the principal constants of physics, while more advanced pupils 
carry on original investigations. In developing the first part of this plan, many 
unexpected results have been arrived at, and, thinking that they may be of value 
elsewhere, I hope to make them the subject of a future paper. I think the accom- 
panying article by Mr. Cross will show, that although we cannot always expect 
to have students with his skill and perseverance, yet that such a laboratory ought 
to furnish many additions to physical science. KE. C. PickERING: 
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a system as being the focal length of a single lens equivalent to the 
system in magnifying power. But, as this is not the case, a lens 
replacing the system when the conjugate foci are separated from 
each other by a distance, d, will not replace it if the foci are sepa- 
rated by any other distance, d'; and the difference in focal length of 
lenses replacing the system under these different circumstances 
varies with the internal arrangement of the system. But for any 
constant distance between the conjugate foci any system can be 
replaced by an equivalent single lens; and in order to attach a defi- 
nite meaning to the term “focal length,” as applied to triplet 
objectives, I would propose that the focal length of such an objec- 
tive be understood as being the focal length of a lens replacing the 
system when the distance between the conjugate foci is ten inches. 

The present series of experiments was begun upon the supposi- 
tion that a triplet microscope objective has an optical centre, and 
the formule applied to obtain the focal length were based on this 
supposition, which, on further investigation, proved to be incor- 
rect.. Observations recorded in the sequel showed, however, that 
though not exactly correct, the formule offer a very close approxi- 
mation to the truth for distances of about ten inches between the 
conjugate foci; the variation in the focal length of the lens replacing 
the system corresponding to a difference of several inches in that 
distance being very small. 

We may, then, deduce a formula by which to find an equivalent 
simple lens from the relations between the principal focus, the con- 
jugate foci, and the relative magnitude of object and image for 
given distances between them. 

The principal focus of a simple lens can be determined from the 
formule, 3 +5 ror ; in which p and p' are the conjugate force ob- 
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tained by direct experiment, and f is the principal focus sought. 
Even if the triple objective had an optical centre, this formulz 
could not be applied directly, owing to the practical impossibility 
of finding this centre, which, moreover, would change with the 
relative change of position of the lenses composing it in varying 
the adjustment for different thicknesses of the glass covering the 
object. The direct use of the formule would require the distances 
p and p' to be known. Some modification must, therefore, be 
adopted. : | 

The method ordinarily in use by the makers seems to be to grind 
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the lenses with certain radii, which are assumed to give approxi- 
mately definite “focal lengths.” The glasses, if tested at all, are 
compared with some standard objective, by means of their magni- 
fying powers with the same eye-piece, a method liable to consider- 
able errors. 

The method which I use is based upon two equations, the one 

1 ; 

a =5(1) and - ae = eee Rel ae eae 
n is the ratio of the size of the object to the size of the image, the 
conjugate foci being p and p'. It is clear that though we cannot 
measure p and p' separately, we can measure their sum, that is the 
distance between the object and the image, which we call 7; can 
be found by measuring the size of the image of an object of known 
magnitude, a finely divided scale throwing this image on a second 
divided scale. 

We have from (1) pif + pf! =pp', or If = pp'= (J p') p' (8), as 
pt+p'=l. But p=np' from (2); therefore, p' + np'=1, and 
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Pp rer sor (4). Combining (3) and Ofer and foany 
If, therefore, we find n and J, we can easily find /, the focal length 
of the equivalent lens. 

Two sets of experiments were made with a somewhat different 
arrangement of apparatus in each. In both the image of a glass 
scale divided to ;4,, millimetres (3455 inch) was thrown upon an 
engine-divided paper scale (5'5 or g'y inch), the image and the paper 
being in the focus of a double-convex lens used as an eye-piece, so 
that the size of the magnified image was read directly on the paper 
scale, estimating by the eye to tenths of the divisions. The dis- 
tance from the glass to the paper was measured with a steel rule 
graduated to millimetres. The magnitude of the image varies so 
slowly for any variation of 7 that this was taken only in whole mil- 
limetres. Any error in the measurement would be less perceptible 
in the result, the shorter the focus of the lens measured. 

The first form of apparatus consists of a stand with a vertical 
block pierced with two holes,.in one of which is placed the objec- 
tive to be measured with its optical axis horizontal. Through the 
other hole (the lower one) slides a horizontal bar, at one end of 
which is the micrometer used as the object, at the other end the 
paper scale on which the size of the image is measured, reading 
with an eye-piece detached from the instrument. This bar is 
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moved in either direction until the image is thrown directly on the 
paper scale, the motion being accomplished by a screw giving a 
fine adjustment, while the nut in which the screw plays is moved 
by the hand for the coarse adjustment. The length, /, between the 
two scales was measured once for all. 

The results given by this arrangement were very satisfactory, 
but owing to its horizontal position and a difficulty in centering 
the lenses, I afterwards adopted a somewhat different apparatus, 
with which most of the recorded observations were made. Here I 
employ a microscope stand, using simply the tube and stage, 
placing the objective in its usual position, and throwing the image 
of the micrometer upon the paper scale. The latter is now gummed 
to the end of the tube usually occupied by the eye-piece, which is 
replaced by a convex lens detached from the instrument as before. 
The distance, J, now a variable, has to be measured with each 
objective. This arrangement can evidently be applied to all micro- 
scopes, rendering it possible for any one to determine the focal 
length of his own objectives with the greatest ease. 

The following measurements will show the accuracy of the 
method :— 


Tolles, Second Quality 4. Smith and Beck, }. 


Apparatus No. 1. | Apparatus No. 2. | Apparatus No. 1. | Apparatus No. 2. 


1— 311 mm. ] = 246 mm. 18311 mm. 1 = 2538 mm. 
if N. i N. f. N. is N. 
-2416 20 +2424 80 +2115 20 -21038 40 
-2416 10 °2419 50 2112 80 +2097 40 
-2416 20 +2415 50 -2107 80 -2097 40 
+2397 20 +2415 40 +2107 80 
M — °2411 M. — -2418 +2107 80 M. = 2099 
P. E. — -00029 P. E. — -00011 2107 30 P. HE. — :00011 
p- e. = 00058 p: ©. = 700022 +2104 25 p- e. = 00019 
-2086 20 
+2086 20 
-2079 20 
M. = °2095 
ys oot » P. EB. == -00025 
| i Eyes p- &. = 00084 


The preceding measurements were made with both forms of ap- 
paratus, and at an early period of the investigation; the following 


are by the second method alone, and were taken after considerable 


practice in using the apparatus. 
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In the two preceding tables, the focus (/) is given in decimals 
of an inch, as computed from each reading. N is the number of 
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spaces observed on the micrometer scale, and 7 the distance between 
the two scales. The most probable mean (M) is computed by giv- 
ing weight to each observation proportional to the number of spaces 
(x) taken; that is, assuming that the whole error lies in reading the 
size of the magnified image on the paper scale. P.E. is the pro- 
bable error of the mean (m) and p.e. that of one observation. 

In all the measurements, the objective was refocussed for each 
reading, and in those given above it was dismounted and remounted 
for each set. . 

The table below gives the results of several hundred measure- 
ments on various objectives. The first column gives the order in 
the table for convenience of reference; the second the name of the 
maker and designation as given by him; the column headed A gives 
the adjustment, whether for covered or uncovered glass, with the 
position of the index, if this is present ; also whether the lens is 
wet or dry if an immersion lens, The next column gives in milli- 
metres the distance denoted in the formula by J; that is, the dis- 
tance between the two scales. The value of / is in all cases the 
most probable mean of a number of observations. The column 
headed B gives the focal length indicated by the maker in decimals 


ofan inch. The next column, headed ‘diff. 4.,” gives the differ- - 


ence between the actual focal length, as determined by these ob- 
servations, and the designated focal length as given in column B. 
The last column, headed “diff. B.,” gives the difference in decimals 
of an inch between the extreme values of f as given from different 
observations by this method. 

The micrometer used as an object, was a glass ruled scale divi- 
ded to 74, mm. (zz'55 inch,) except in the objectives numbered 9, 
10,16, 18, 28, 81, 82 (marked with an asterisk) in which a ;algq In. 
stage micrometer was substituted, as the more finely divided scale 
could not-be read with such low powers as these objectives gave. 

Objectives Nos. 16 and 28 are single lenses ; the rest are triplets. 
Lens No. 32, by Zentmayer, had been slightly altered in focal 
- length to adapt it toa gas microscope. The adjustment for covered 
object shortens the focus of all the glasses examined, except Nos. 
11,12 and 17, in which a lengthening of focus takes place. No. 11 
is adjusted for glass covering when the index is at 0, contrary to 
the usual method in which the greater the number of the index the 
thicker the covering for which the objective is adjusted. Objective 
No 12 is No. 11 with the front lens removed and an “immersion 
front,” a lens of different focus screwed on in its place. 
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The contents of colurnn A may need some further explanation. 
The immersion lenses were measured both wet and -dry to-deter- 
mine the change of focal distance, which is very small unless the 
interior arrangement of the lenses is altered by moving the index 
circle. The figures in this column are the numbers given by the 
index if there was one; if no index was attached to the objective 
the extremes of the adjustment were taken, and are indicated by the 
words “Une,” for uncovered, and “‘Coy’d” for covered adjustment. 
The ,§5 millimetre scale used as the object was always uncovered, 
whether the lens was adjusted for covered and uncovered objects, 
as no other method seemed so generally applicable. This, of course, 
rendered the definition somewhat indistinct when the lens was ad- 
justed for glass covering, which will explain the greater difference 
in the corresponding extreme values of / in the last column. 

The measurements in the preceding table were made with the 
second form of apparatus, so that the length of / varies slightly from 
the normal length of 10 inches. The extreme values are 276 mm. 
(10°87 inches) for No. 16 and 285 mm. (9:25 inches) for No.7. To 
ascertain the effect of this variation on /, the computed focal dis- 
tance, the following observations were made. Ist. A Smith and 
Beck } inch (No. 14) was measured, first with = 279 mm. (10:98 
inches), and then with 7= 412 mm. (16°22 inches), The computed 
values of f in the two cases were— . 


1== 279 mm., f= °2102 in.; 7=412 mm., f= ‘2080 in., 


giving a difference of only ‘0067 inch in / for a difference of 133 
mm. (5°24 inches) in 7. 2d. A Tolles second quality $ inch (No. 
26) was measured in the same way, giving values of / as follows: 


I= 259 mm., f= "2424 in.; 7=414 mm., f= 2396 in. 


a difference of but :0029 inches, corresponding to a difference of EOS, 
mm. (6:10 inches) in 7. From these results it was inferred that 
with the maximum deviation (in No. 16) of 22 mm., (0°87 in.) 
from the normal value of J, the correction required to reduce the 
value of f to that standard length, would be within the limits of 
probable error, and in most of the objectives the deviation of Zis 
far less than in this case. ! 

An examination of the table will show that the focal length of 
the objectives of some makers differs considerably from the length 
marked upon them. For example, No. 84 marked } inch is really 
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a } inch objective; No. 38 marked } inch is really a } inch; No. 
29 marked ,4; inch isa }. Lens No. 14 marked } inch is really a 
1 inch; but Nos. 18, 16, by the same makers, are correctly 
designated } inch, % inch. Differences of this kind must of 
necessity lead to a great confusion in comparing objectives with 
one another. I would therefore suggest that each objective made 
should be measured before being offered for sale, that this confusion 
may cease to exist. A convenient arrangement would be to fix a 
glass scale divided to 15 OF , 50 inch in the draw-tube, sliding in 
the tube of the microscope, and measure as I have already described. 
The draw-tube should be moved till the front of the ruled glass 
shall be exactly 10 inches from the micrometer used as the object. 
Or it would be more convenient still to have an apparatus similar 
to the first form, but arranged with a suitable stage and stand so 
that it can be set at any desired angle. The distance 10 inches 
(254 mm.), suggested as a standard is chosen because it is the nor- 
mal distance of distinct vision, as well as about the length used by 
microscopists in actual work. 


nl 
(n+ 1)? 
length of any lens is not inversely proportional to its magnifying 
power with a given distance (1) between the conjugate foci, as is 


An inspection of the formula /= shows (1) that the focal 


commonly assumed, but to Cems the ordinary supposition ap- 


proaching absolute correctness as 7% increases. Hence the inaccu- 
racy of any system of estimating focal lengths upon this assump- 
tion when applied to lenses of long focus. 

(2.) The shorter the focal length of the objective, the less will 
any error in the measurement of 1 affect the result. 

(3.) Any error in the measurement of n also affects the result 
less in a lens of short focus. It would therefore appear that by 
this method the most accurate results are obtained with the objec- 
tives of highest power. The following examples from the records 
of my observations will illustrate this last point. The numerators 
of the fractions are the readings on the paper scale, the denomina- 
tors, the number of spaces of the micrometer scale corresponding 
to these readings, the quotient being of course the value of one of 
these magnified spaces in fiftieths of an inch. 
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With objective No. 16*, Smith and Beck, 14 inch— 


32°8 32:7 32:7 
eee 2°982. boi 2°973. aie Ge 2°978. 
Give values of n = 5°964. 5946. 5946. 
The corresponding values of f are— ; 
1°3362 inch. 1°3892 inch. 1:3392 inch. 
7=276 mm. M=1°3382 in. Differences of extremes = ‘0080 in. 


With objective No. 8, Nachet No. 2. 


Scale readings 


| ROM TSI ih go MB: A goiyorBdedo mt sudo Ab Bn 
Scale readings 2@Oerh 6866. 60. =°6866. 60. == 6880. Hae 4 6883 
Give values of n= 34'879. 34°879. 84:950. 34:965. 


The corresponding values of / are— 

25494 inch. 25494 inch. 25446 inch. ‘25435 inch. 
1=239 mm. M= ‘25466 in. Difference of extremes=-00059 in. 

With objective No. 1, c, Hartnack, No. 10. 


864 PD ig. BOR oso BOR ees 
Scale readings ae meee 447. 5800 = 2°420. 5 420. 5? 420. 
Give values of n= 123°29. 12294. 122-94. 122°94. 


The corresponding values of / are— 

07824 inch. 07845 inch. 07845 inch. ‘07845 inch. 
1=249 mm. mM= ‘07839 in. Difference of extremes —-00021 in. 

The increasing change in f for the same variation of the scale 
reading is clearly seen on comparing the above sets of observations. 
The diminution of the number of divisions measured in a short 
focus objective is a partially neutralizing circumstance, which can, 
however, be avoided by using a lens of long focus for the eye-piece, 
so as to gain a larger field of view. 

The chief difficulty met with in pursuing this research was that 
of procuring a suitable scale for the object, the image of which was 
tobe meaured. In the earliest measurements a scale on glass ruled 
to ,;z/55 inches was used, but the lines were jagged at the edges, their 
breadth was variable and their spacing unequal. Next an eye-piece 
micrometer belonging to a Smith and Beck’s microscope was used, 
the divisions being }, inch, but though this was an improvement 
on the former the results were still unsatisfactory. Finally a mi- 
crometer reading to ,}, millimetres was used, which was all that 
could be desired in clearness and evenness of lines and equality of 
spacing. In some cases, for long focus objectives a ,a'95 inch mi- 
crometer scale was substituted, as before stated. The paper scale 
used to measure the size of the image was divided to ,'5 or 4/5 of an 
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inch, while these divisions were sub-divided by the eye into tenths, 
giving the measurement to $5 OF so0 of an inch. The measure- 
ments can in general be relied upon within g $5 OF a$z of an inch. 
A scale divided into fractions of a millimetre would have been pre- 
ferable had such been easily procurable, as saving labor in the cal- 
culation of the focal lengths. 

Difficulty was at first apprehended from the expansion of the 


‘paper scale, especially as this was attached to the microscope tube 


by mucilage, but measurements made at different times both when 
moist and when dry showed no appreciable variation to be ascribed 
to that cause. A steel scale was at one time substituted, but being 
less easily read, its use was abandoned. A glass scale divided to 
half millimetres would be valuable in an extensive application of 
this method, because of the greater ease of estimating to tenths with 
narrow lines, those on printed scales being necessarily somewhat 
coarse. 

The present investigation has suggested an inquiry into the laws 
of the foci of systems of lenses as related to variations in the dis- 
tances between them, which, in connection with the law of varia- 
tion of focal length with varying values of J, it is my intention to 
make the subject of further research. 

I would take this opportunity of expressing my obligations to 
the gentleman who have so kindly allowed me the use of their ob- 
jectives, and especially to Mr. Charles Stodder of the Boston Optical 
Works for the large number of triplet lenses, by yarious makers, 
which he has placed at my disposal. : 

It is hoped that the method described in this paper may be found 
of value as offering a ready and reliable method of measuring focal 
lengths, so that there may be no necessity of doubt as to the true 
focal length of any objective. 

Boston, May 3d, 1870. 


